The structural genes for threonyl-tRNA synthetase (ThrRS) and phenylalanyltRNA synthetase (PheRS) are closely linked on the Escherichia coli chromosome. To study whether these enzymes share a common regulatory element, we have investigated their synthesis in mutants which were selected for overproduction of either ThrRS or PheRS. It was found that mutants isolated previously for overproduction of ThrRS as strains resistant to the antibiotic borrelidin (strains Bor Res 3 and Bor Res 15) did not show an elevated level of PheRS. PheRS-overproducing strains were then isolated as revertants of strains with structurally altered enzymes. Strain Si is a temperature-resistant derivative of a temperature-sensitive PheRS mutant, and strain G118 is a prototrophic derivative of a PheRS mutant which shows phenylalanine auxotrophy as a consequence of an altered Km of this enzyme for the amino acid. In both kinds of revertants, Si and G118, the concentration of PheRS and ThrRS was increased by factors of about 2.5 and 1.8, respectively, whereas the level of other aminoacyl-tRNA synthetases was not affected by the mutations. Genetic studies showed that the simultaneous overproduction of PheRS and ThrRS in revertants G118 and Si is based upon gene amplification, since this property was easily lost after growing the cells in the absence of the selective stimulus, and since this loss could be prevented by the presence of the recA allele. By similar criteria, the four-and eightfold overproduction of ThrRS in strains Bor Res 3 and Bor Res 15, respectively, was very stable genetically, indicating that it is caused by a mutational event other than gene amplification. From these results, we conclude that the concomitant increase of PheRS and ThrRS in strains G18 and S1 is an expression of gene duplication and not of a joint regulation of these two aminoacyl-tRNA synthetases. This conclusion is further supported by the result that, in mutant G118 as well as in its parental strain Gi, growth in minimal medium lacking phenylalanine led to an additional twofold increase of their PheRS concentration. This increase was restricted to the PheRS, since the level of other aminoacyltRNA synthetases, including the ThrRS, stayed unchanged.
The structural genes for threonyl-tRNA synthetase (ThrRS) and phenylalanyltRNA synthetase (PheRS) are closely linked on the Escherichia coli chromosome. To study whether these enzymes share a common regulatory element, we have investigated their synthesis in mutants which were selected for overproduction of either ThrRS or PheRS. It was found that mutants isolated previously for overproduction of ThrRS as strains resistant to the antibiotic borrelidin (strains Bor Res 3 and Bor Res 15) did not show an elevated level of PheRS. PheRS-overproducing strains were then isolated as revertants of strains with structurally altered enzymes. Strain Si is a temperature-resistant derivative of a temperature-sensitive PheRS mutant, and strain G118 is a prototrophic derivative of a PheRS mutant which shows phenylalanine auxotrophy as a consequence of an altered Km of this enzyme for the amino acid. In both kinds of revertants, Si and G118, the concentration of PheRS and ThrRS was increased by factors of about 2.5 and 1.8, respectively, whereas the level of other aminoacyl-tRNA synthetases was not affected by the mutations. Genetic studies showed that the simultaneous overproduction of PheRS and ThrRS in revertants G118 and Si is based upon gene amplification, since this property was easily lost after growing the cells in the absence of the selective stimulus, and since this loss could be prevented by the presence of the recA allele. By similar criteria, the four-and eightfold overproduction of ThrRS in strains Bor Res 3 and Bor Res 15, respectively, was very stable genetically, indicating that it is caused by a mutational event other than gene amplification. From these results, we conclude that the concomitant increase of PheRS and ThrRS in strains G18 and S1 is an expression of gene duplication and not of a joint regulation of these two aminoacyl-tRNA synthetases. This conclusion is further supported by the result that, in mutant G118 as well as in its parental strain Gi, growth in minimal medium lacking phenylalanine led to an additional twofold increase of their PheRS concentration. This increase was restricted to the PheRS, since the level of other aminoacyltRNA synthetases, including the ThrRS, stayed unchanged.
Intensive studies on the regulation of forma-ulated by guanosine-5'-diphosphate-3'-diphostion of aminoacyl-tRNA synthetases in bacteria phate (ppGpp) (47) . An increased formation rate have revealed the existence of two different of this enzyme in vivo elicited by isoleucine modes of control. The first one consists of the deficiency is also accompanied by an increased change of the rate of fornation of these enzymes level of ppGpp (45) . in answer to certain growth conditions. Thus, Alteration of the level of aminoacyl-tRNA for 10 of the 20 aminoacyl-tRNA synthetases it synthetases as a response to an environmental has been shown that shortage of the cognate change may be also brought about by changing aminoacyl-tRNA leads to a two-to threefold the growth rate of the cells not by amino acid derepression of the respective aminoacyl-tRNA limitation but by enriching the medium or synthetase (cf. 36). The exogenous supply of the changing the carbon source. This kind of control amino acid to the "derepressed" culture, as is called metabolic regulation, and it has been shown for the phenylalanyl-and isoleucyl-tRNA shown that several of the 20 aminoacyl-tRNA synthetases (PheRS and IleRS), causes the on-synthetases react concomitantly, though to a set of "repression" again (34) . For IleRS, it was very different degree (31) . demonstrated recently that DNA-dependent in
The second mode for altering the intracellular vitro synthesis of this enzyme is markedly stim-level of an aminoacyl-tRNA synthetase is by specific mutations. Depending on the selection conditions, mutants were obtained which overproduce either a structurally altered seryl-tRNA synthetase (SerRS), glycyl-tRNA synthetase (GlyRS) or leucyl-tRNA synthetase (LeuRS) (9, 17, 27, 41, 44) or the wild-type form of methionyltRNA synthetase (MetRS) or threonyl-tRNA synthetase (ThrRS) (8, 39) .
One of the amino acid-activating enzymes which has been biochemically and genetically well characterized is PheRS. It consists of two dissimilar subunits, a and f (15, 19) , and it has been shown recently that the structural genes for these polypeptides are closely linked (10) . Moreover, a specialized transducing X phage has been isolated which, in addition to the a and f8 subunits of PheRS (23), also carries the gene for another aminoacyl-tRNA synthetase, namely, the threonine-specific enzyme (22) . Therefore, it would be of interest to study the regulatory relationship of these two aminoacyl-tRNA synthetases. PheRS-and ThrRS-overproducing mutants might yield such information. ThrRSoverproducing mutants of E. coli are already available (36) , so here we describe the isolation and analysis of E. coli mutants which overproduce PheRS and provide a further characterization of the ThrRS-overproducing strains.
MATERIALS AND METHODS
Organisms and culture conditions. The E. coli strains used in this study are listed in Table 1 (45) .
Purification of PheRS and its subunits. The PheRS was purified from E. coli K-10 as described previously (25) . a and subunits were separated as given by Hennecke and Bock (21) . Dilutions (45), the final threonine concentration being 0.4 mM, unless otherwise indicated. In vitro complementation of mutant PheRS activity in crude extract. The procedure described for the reconstitution of active PheRS from its inactive subunits (21) was used with the modifications described recently (10) . Before reconstitution, the crude extracts (1 mg of protein per ml) from strains NP37 and JP1116 were preincubated for 5 min at 400C, and that of strain Gl at 50°C. A 12.5-JAg amount of protein of these preparations was then incubated in a total volume of 0.15 ml of BSA buffer for 30 min at 300C either alone or in combination with 0.5 ,ug of purified a or 1.25 ,ug of purified subunits, respectively. Subsequently, 100 pi of an appropriately concentrated test mixture was added to adjust the reaction mixture to the substrate concentrations used in the standard aminoacylation assay. Incubation was for 10 min at 280C.
Radioactive labeling of cultures. For radioactive labeling, cultures were grown for at least six generations in 5 ml of glucose minimal medium supplemented with the required growth factors and with a labeling mixture containing 80,uM L-isoleucine, 120 ,AM L-valine, 160 JIM L-leucine, and 10,uCi of L-[4,5-3H]leucine per ml (37) . Growth was monitored by measuring the absorbance at 420 nm (A420) of an unlabelled parallel culture. At an A420 of 1.5, the radioactively labeled culture was chilled and mixed with 2 ml of an overnight culture of a reference strain grown in the presence of 3 JACi of L-[1-14C]leucine per ml (specific radioactivity 56 XCi/,unol). The cells were sedimented from this mixture by centrifugation at 8,000 x g for 10 min. The cell pellet was taken up in 2 ml of PheRS buffer plus 0.5 ml of unlabeled carrier cells (about 125 A420 units), and the cells were again collected by centrifugation.
Immunological procedures. The preparation of antisera directed against PheRS from E. coli, the immunotitration of PheRS activity with antibodies, and the performance of Ouchterlony immuno-doublediffusion experiments have been described in a recent report (40) . Minor modifications of these procedures are specified below, when the respective experiments are described.
Preparation of immunoprecipitates of labeled cultures. The harvested cell pellet was suspended in 0.5 ml of Tris-chloride buffer (10 mM, pH 7.9) containing 5 mM MgCl2, 0.1 mM EDTA, 0.1 mM dithiothreitol, 50 mM KCI, and 0.6 mg of lysozyme per ml (42) . After five cycles of freezing and thawing, 1 ml of the following buffer was added: 10 mM Tris-chloride (pH 7.9), 10 mM MgCl2, 0.1 mM EDTA, 0.1 mM dithiothreitol, 10 mM KCI, 5% glycerol, 20 tig of deoxyribonuclease I per ml and 10 ,ug of ribonuclease A per ml (42) . After sonic oscillation for 30 s at setting 3 (Branson Sonifier W140), the samples were incubated for 30 min at 240C. Finally, they were clarified by centrifugation at 30,000 x g for 20 min, and the supernatant was adjusted to a final concentration of 50 mM Tris-chloride (pH 7.7), 0.4 M KCI, and 1% Triton X-100. A 0.2-ml amount of a 1:1 mixture of the immunoglobulin G fractions of antisera directed against native wild-type PheRS and against the purified a subunit were added. The precipitate was allowed to be formed at 40C for at least 15 h. It was collected by centrifugation for 4 min at 12,000 x g in plastic vials, washed two times with 50 mM Tris-chloride (pH 7.5), 1 M KCI, and 1% Triton X-100 and once with 50 mM Tris-chloride (pH 7.5)-0.1 M NaCl (42) . It was finally taken up in 50 pl of sample buffer containing 50 mM Tris-chloride (pH 6.8), 5% sodium dodecyl sulfate, 5% 2-mercaptoethanol, 10% glycerol, 2 mM EDTA, and 0.001% bromophenol blue, heated in the boiling water bath for 4 min, and subjected to polyacrylamide gel electrophoresis using the gel system of Laemmli (25) .
After staining the gels with 0.2% Coomassie brillant blue R-250 in 30% methanol and 10% acetic acid and destaining in the same solution without dye, the bands corresponding to the a and,8 polypeptides of PheRS were cut out, dried at 600C, and burnt in a Packard 306 sample oxidizer. Scintillation fluid for 3H was Monophase 40, and for 14C it was Carbosorb II and Permafluor V. Pilot experiments in which the gels were sectioned had shown that, under the precipitation and washing conditions used, the a and ,8 polypeptides of PheRS are the predominantly labeled bands present in the gels (Comer and Bock, unpublished data).
Preparation of the immunoprecipitates of ThrRS 137, 1979 and IleRS was carried out in the same way as described above for the phenylalanine enzyme. RESULTS Isolation of PheRS-overproducing strains. Two techniques were used for isolating apparent PheRS-overproducing mutants.
(i) For the first approach, we selected thermoresistant revertants of the temperature-sensitive strain JP1116, which contains a mutation in the /8 subunit of the PheRS (10) . A total of 49 independent revertants were isolated on rich medium plates at 40°C and were tested for their specific PheRS activity in crude extracts ( Table  2) . Three groups could be distinguished: the first group (29 revertants, e.g., strain S38) did not differ in its PheRS activity from strain JP1116; the second one (19 revertants, e.g., strain S2) possessed an enzyme which is more thermostable than that of JP1116 and therefore seems to be changed in the structural gene; the third one, only one strain, namely, Si, showed a threefold increase of activity without an apparent loss of temperature sensitivity. Since the properties of the latter strain are those which would be expected from a presumptive PheRS-overproducing strain, it was first investigated whether immunodiffusion could reveal any immunological difference between the enzymes from strain S1
and the parental strain JP1116; it was found that both enzymes seem to be identical (not shown). To find out whether the threefold increase in PheRS activity of strain S1 is in fact due to an overproduction of this enzyme, three experimental approaches have been followed. First, the PheRS activity of strain S1 and of the controls K-10 (wild type) and JP1116 was titrated with increasing amounts of PheRS antibodies. From the neutralization curves ( Fig. 1) it is obvious that, when normalized to 100%, the PheRS activity in strain S1 extracts was inhibited to a lower extent than in extracts from the controls. Under the assumption that the enzymes of strains S1 and K-10 and JP1116 possess the same immunological reactivity this immunotitration experiment indicates a two-to threefold higher PheRS level to be present in strain S1.
In a second experiment, use was made of the fact that the PheRS of JP1116 (and therefore also of S1) dissociates at high temperature and that the a subunits generated during this process can be reacted with purified polypeptides to deliver active enzyme (10) . By the addition of an excess of ,B, a quantitative determination of a present in crude extracts could be undertaken (Fig. 2) . It is evident that saturating amounts of ,B generated more than fourfold more active enzyme with extracts from strain S1 than with those from JP1116.
In If this is the case, it can be used to localize the defect to either the a or the ,B subunit by in vitro complementation tests (10, 21) . PheRS activity in extracts of strain Gl could be generated after complementation with purified a ( Lin AS19. They show that the amounts were found to have an increased specific enzyme subunits increased to an equal extent, activity as compared to that of mutant G1. As a sefold. Surprisingly, in this mutant the next step, these strains were screened, by means foThrRS also increased, though only of a short procedure, for any apparent overprofold. The level of IleRS stayed more duction of PheRS. Equal amounts of crude exstant. PheRS-overproducing strains, we had at first to isolate a strain which is auxotrophic for phenylalanine because of a mutation in the a or 1 subunit and then to use such a mutant for selecting prototrophic derivatives. E. coli strain PA505-1-5 was mutagenized, and after penicillin treatment a total of 23 independent phenylalanine-auxotrophic mutants were isolated. Crude extracts of these strains were prepared and assayed for PheRS activity. One strain, designated Gl, exhibited drastically reduced PheRS activity, whereas the others had normal or slightly reduced PheRS activity in comparison with the parental strain PA505-1-5. The decreased activity of the PheRS of strain Gl was due to an altered Km for phenylalanine. For wild-type PheRS, an apparent Km of 6.6 gM was determined, which is comparable to previously published values (14) . The PheRS of strain Gl showed a 15-fold higher value, namely, 100 tiM.
The PheRS of strain Gl was also characterized by a significant thermolability. Incubation of crude extracts from strain Gi at 50°C caused the PheRS activity to decrease with a half-life of first-order reaction of 12 min compared to 60 min for the wild-type enzyme. Nevertheless, To demonstrate that the revertants overproduce PheRS, three experiments were done to show that these strains produce an enzyme identical to their parent, Gl.
(i) Determination of the apparent Km for Lphenylalanine revealed that the enzymes of strains Gl, G118, and G124 exhibited the same values, namely, 100 ltM.
(ii) Measurement of the rate of heat inactivation of the PheRS of strains G118 and G124 yielded exactly the same kinetics as for the enzyme of strain Gl (data not shown).
(iii) Immuno-double-diffusion on agar plates and semiquantitative immunodiffusion experiments showed no antigenic differences between the enzymes of strains Gl, G118, and G124 and were in agreement with a four-to eightfold increase in PheRS in G118. A stronger argument for this conclusion is derived from quantitative immunoprecipitation experiments of the a and ,B subunit protein and subsequent separation of the precipitate by sodium dodecyl sulfate polyacrylamide gel electrophoresis (40) . For this purpose, constant amounlts of crude extracts of each of the strains PA505-1-5, Gl, G118, and G124 which had been grown to the same density in minimal medium (supplemented in the case of strain Gl with 200 ,ug of phenylalanine per ml) were mixed with three increasing amounts of PheRS antibodies to be sure that the PheRSantibody complexes were formed under equivalence. The precipitates were analyzed on sodium dodecyl sulfate polyacrylamide gels (Fig. 3) . From the intensity of the staining, it is obvious that the revertant strains G118 and G124 contained a substantially higher amount of a and /3 chains than did the parental strain G1. Scanning of the gels revealed that G124 produced approximately fourfold, and G118 produced fivefold more PheRS. To verify this result, a direct measurement of the absolute amount of enzyme protein was made in the same way as described above for the mutant Si. The results (Table 5) show that both a and ,8 of PheRS in strain G118 were overproduced when compared to the level present in strain Gl or PA505-1-5, the oversynthesis ranging from 2. there was a distinct and (in a second experiment) reproducible increase of ThrRS of about 50%. At the moment, we have no explanation for the finding that the apparent level of the /8 subunit in all strains seems to be higher than that of a.
ThrRS-overproducing strains. The isolation and some properties of the ThrRS-overproducing strains have already been described (22, 36, 39) . Thus, the structurally unaltered ThrRS in strains Bor Res 3 and Bor Res 15 was overproduced four-and eightfold, respectively. In addition, the level of four other aminoacyltRNA synthetases, including PheRS, which were measured as control was not altered in those mutants in comparison to the parental strain K-12B (Table 6 ).
Level of PheRS and ThrRS in the PheRSand ThrRS-overproducing strains under various growth conditions. For most of the aminoacyl-tRNA synthetases, including PheRS and ThrRS, it is known that growth under limitation of the cognate amino acid or aminoacyltRNA leads to a derepression of the respective enzyme (cf. 38; 45). As expected from the reduced growth rate, there was indeed a 1.5-and VOL. 137, 1979 on July 10, 2017 by guest http://jb.asm.org/ 2-fold increase in PheRS in strains Gl and G118, respectively, when grown in the absence ofphenylalanine (Table 5 ). The smaller increase in PheRS in G1 is readily explained by the fact that G1 had been cultivated in the absence of phenylalanine for less than one generation time whereas G118 grew for three generations without phenylalanine, because we know that the final level of derepression of the PheRS is reached only after growth for about three generations in the absence of phenylalanine (34) . The increased production of PheRS in revertant G118 was verified by the technique of direct measurement of the amount of PheRS in phenylalanine-free and phenylalanine-supplemented minimal medium, which also demonstrated a 2.5-fold increase of the PheRS (Table 5) . When we performed similar investigations with the PheRS-overproducing strain Si, there was no influence on the content of PheRS, independent of whether the cells were grown in the absence or presence of phenylalanine in minimal medium. Table 7 shows the result of the same analysis for the ThrRS-overproducing mutant Bor Res 3 and its parental strain K-12B. Addition of threonine to the medium did not lead to the repression of ThrRS synthesis in either strain, which is in accordance with previous results (45 PheRS overproduction in strains G118 and S1, they were grown for about 50 generations in nonselective medium (S1 was grown in rich medium at 32°C; G118 was grown in minimal medium supplemented with phenylalanine) and subsequently plated on the same medium. A total of 100 colonies from each strain were then tested for the maintenance of the mutations causing enzyme overproduction. It was found that 5% of the G118 derivatives and 8% of the It is interesting to note in this connection that the wild-type strain ThrRS is subject to metabolic regulation leading to a derepression of a factor of about 2, whereas in the ThrRS-overproducing mutants the level of ThrRS is not further increased upon growth in rich medium. Possible explanations for this observation could be that either the mutation responsible for overproduction of ThrRS in principal does not VOL. 137, 1979 on July 10, 2017 by guest http://jb.asm.org/ Downloaded from allow the derepression of ThrRS or that the need of an increased ThrRS level in rich medium is already met in these mutants by their fourand eightfold ThrRS concentration, respectively. Thus, our ThrRS-overproducing mutants differ from the also genetically stable MetRSoverproducing strain AB 311, which when grown in rich medium derepressed its MetRS level further, but did not react to a shortage of charged tRNAMet (7) . So far, we have not investigated whether the ThrRS of Bor Res 3 or Bor Res 15 is further derepressed when there is an internal deficiency of aminoacylated tRNATh.
The elevated PheRS concentration in G118 was additionally increased by a factor of about 2 in cells grown in miniimal medium lacking phenylalanine. This derepression was restricted to PheRS; the level of other aminoacyl-tRNA synthetases including ThrRS was not affected by the withdrawal of phenylalanine from the medium. A similar increase of PheRS was also observed in the parental strain Gl when grown without exogenous phenylalanine, indicating that two independent regulatory processes contribute to the increased PheRS concentration (about fivefold) in G118 grown in minimal medium without phenylalanine. The stimulus for the derepression of PheRS in phenylalanine-free minimal medium in Gl and G118 is probably the intracellular deficiency of phenylalanine in respect to their PheRS, which possesses lowered affinity for the substrate phenylalanine. Since it is known (6) that exogenous phenylalanine expands its intracellular pool, the PheRS of those mutants is better saturated in phenylalaninecontaining medium. Similar regulatory phenomena have been observed in an E. coli mutant with an impaired phenylalanine biosynthesis (34) .
The result of derepression of only the PheRS in Gl and G118 during growth in the absence of exogenous phenylalanine also supports our conclusion that the formation of the PheRS and ThrRS is regulated independently, although their structural genes are closely linked to each other on the chromosome. In vitro transcription and translation experiments using the specialized transducing phage X p2 (23) will show whether PheRS and ThrRS also are regulated independently in vitro and might help in the identification of effectors and of-the mutations which influence the rate of formation of these enzymes.
